Background: Recurrent respiratory papillomatosis (RRP) or laryngeal papillomatosis is a disease caused by papillomavirus infection. Methods: In this phase I/II clinical trial, we evaluated the efficacy of the modified vaccinia Ankara (MVA) E2 virus in the treatment of RRP. Twenty-nine patients (18 female and 11 male) underwent injection of MVA E2 directly into the borders of the vocal cords where lesions were seen and were monitored by direct laryngoscopy. The immune response was assessed by the determination of CD3 + , CD4 + , and CD8 + lymphocytes counts. The presence of papillomavirus was determined by polymerase chain reaction analysis.
times with HPV subtypes 16 or 18. 2 Although it is generally accepted that HPV is the main causative agent in the development of RRP, other factors may also play vital roles, such as the patient's immune system, the timing and quantity of virus exposure, local traumas, and smoking. [3] [4] [5] RRP is characterized by the presence of multiple papillomas in the respiratory tract. These papillomas primarily affect the vocal cords, epiglottis, trachea, and bronchi, and sometimes even the lungs. Clinically, RRP can manifest as dysphonia that progresses to aphonia; dyspnea and dysphagia can also develop and become progressively worse until the affected person can no longer breathe and dies. [6] [7] [8] The incidence of RRP has been reported to be 1.9 and 7.0 cases per 100 000 population, depending on the geographical area. 6, 9 It has been hypothesized that HPV can be transmitted vertically from mother to the neonate during passage through the birth canal. 10 This hypothesis is supported by a report showing that when maternal condylomata was present during pregnancy, the risk of RRP increased by 200-fold. 11 Furthermore, a recent study showed that a 12% of neonates developed HPV infections via transplacental transmission. 12 However, in adults, the most likely route of transmission is oral sex, and the risk of transmission increases with increasing numbers of sexual partners. 13, 14 The papillomas are most commonly removed using instruments such as microscopic or endoscopic lasers, a microdebrider, or micro-forceps. However, although surgery is effective for removing the lesions, recurrences of papilloma are still very common. 10, 15 The main reasons for these recurrences are incomplete removal of the lesions and the persistence of the HPV within the tissue adjacent to lesions. 16 Recurrences are currently treated using adjuvant therapies, such as indole-3-carbinol, cidofovir, ribavirin, mumps vaccine, and photodynamic therapy. 15, 17 Unfortunately, recurrences often persist despite these treatments. The recombinant modified vaccinia Ankara (MVA) E2 vaccine containing the bovine papilloma virus E2 protein has been shown to eradicate all HPV as well as the HPV virus by inducing a strong immune response involving the generation of antibodies and a cytotoxic activity against HPV-infected cells. Patients treated with MVA E2 have been reported to show no recurrence of lesions during the 2 years after treatment. [18] [19] [20] [21] [22] The aim of this study was to evaluate the therapeutic potential of MVA E2 in patients with RRP. In this study, patients who underwent surgical elimination of papilloma lesions followed by injection of MVA E2 directly into the mucosa at the site of the lesions remained free of recurrences thereafter.
| PATIENTS AND METHODS

| Study design and subjects
All patients with RRP (n = 29) diagnosed at the Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubirán or Instituto Nacional de Rehabilitación, in Mexico City, were enrolled in this phase I/II clinical trial and treated with the MVA E2 recombinant therapeutic vaccine. The study group included 18 female and 11 male patients. Patients were considered eligible to participate in the study if they were positive for RRP, suspected to being infected with HPV, and of any age. A complete physical examination was performed and history taken in all patients. Laboratory investigations, including hematology, blood chemistry, and urinalysis, were also performed in all cases.
| Compliance with ethical standards
The study protocol was approved by the ethics and scientific committees of both participating hospitals and was conducted in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. Before the administration of MVA E2, a physician reviewed all the data and confirmed that the patient was eligible to undergo the study protocol. Each patient provided written informed consent after receiving an explanation from a physician of all relevant procedures, clinical protocols, treatment plans, and expectations of compliance. If the subject was a child, informed parental consent was obtained. The attending physician maintained an accurate and complete record of each visit, including a nasofibrolaryngoscopic exploration. The principal investigator ensured the confidentiality of all patient information. The patients and the principal investigator could contact each other at any time in the event of the safety concerns. The demographics and clinical characteristics of patients with intraepithelial lesions diagnosed between 2003 and 2013 were reviewed. Twenty-nine patients were considered for inclusion in the study. Most patients who agreed to participate in the study did so because they felt that their dysphonia was very severe or because they were concerned about the possibility of developing cancer.
| Eligibility criteria
Patients were deemed eligible for inclusion in the study if they had diagnosis of RRP, were confirmed clinically and histological analysis or a tissue biopsy result suggesting possible HPV infection, were not pregnant, had normal medullar and kidney reserve, and had normal blood chemistry. The study exclusion criteria were as follows: pregnancy or lactation, presence of cancer cells in the diagnostic biopsy, administration of alternative adjuvant therapies for papillomatosis, a positive human immunodeficiency virus test, presence of disease(s) other than RRP, and previous treatment with a steroid or immune modulator.
| Protocol
Prior to treatment, patients were intubated with consideration given to their age, sex, weight, and height to ensure that there was adequate space for normal functioning of the larynx. Patients were ventilated with a mixture of 60% oxygen and room air, and anesthesia was maintained by intravenous agents. Saline solution (1 mL) was injected into the papilloma lesions, which were then excised using micro-forceps. Next, MVA E2 vaccine was administered. Each patient underwent 4 surgeries, each performed 2 weeks apart. Briefly, a small portion of each papilloma was removed from alternating sides of the vocal cords during these sessions to avoid compromising both sides of the vocal cords simultaneously and to prevent scarring and webbing. During each intervention, MVA E2 recombinant virus was injected directly at the site of the lesions. Each dose consisted of 10 7 virus particles and was applied locally using a longfabricated syringe to reach the papillomas in the glottic or subglottic areas.
| Control group
The 29 patients in this study served as their own controls, because it is known that RRP is a highly unpredictable disease with a variable course, such that the progression and interval between recurrences of lesions varies widely even in patients of the same age and sex. The patients in this study developed new lesions within approximately 1-6 months after surgery and some had undergone more than 10 surgical interventions before enrollment in the study. The time course of recurrences before and after treatment with MVA E2 was determined in each patient.
| Adverse events
All possible adverse events were classified as general, musculoskeletal, gastrointestinal, urogenital, nervous system, skin, or respiratory system, in accordance with the Common Terminology Criteria for Adverse Events of the National Cancer Institute. Using these criteria, the physicians registered any adverse events that could have been related to the administration of the MVA E2 vaccine. Adverse events were considered to be of grade 1 (mild), if clinical intervention was not indicated; grade 2 (moderate), if minimal, local, or noninvasive clinical intervention was required; grade 3 (severe), if symptoms were medically significant but not immediately life-threatening; and grade 4 (life-threatening), if life was compromised and urgent medical intervention was indicated. 23 
| Virus preparation
The MVA E2 therapeutic vaccine was prepared as previously described. 22 Briefly, chicken embryo fibroblasts cells isolated from 11-day-old fertilized eggs were grown in Dulbecco's modified Eagle's medium supplemented with 10% horse serum (HBS) (Gibco BRL; Gaithesburg, Maryland), glutamine 20 μM, penicillin 50 units/mL, and streptomycin 50 μg/mL in an atmosphere containing humidified air and 5% CO 2 at 37 C.
The chicken embryo fibroblasts were attached immediately and grown on microcarriers-cytodex (Amersham, Wisconsin, USA) in a 15-L Bioreactor brand Celligen plus (New Brunwick, New Jersey, USA) for 2 days. The cells were infected with MVA E2 virus and incubated for 48 hours. Microcarriers containing the virus were collected by gravity, and the virus was recovered by adding 0.1% trypsin (Worthington Biochemical Corporation, Lakewood, New Jersey) for 10 minutes at room temperature. The virus was purified from this cell lysate using sucrose gradient centrifugation. The purified virus was titrated on chicken embryo fibroblasts and stored at −70 C.
Aliquots of MVA E2 at a concentration of 10 7 plaque-forming units were lyophilized and stored at −70 C.
| Biopsies
Tissue biopsies were collected from the papilloma lesions acquired during visit 1 (the first surgery performed on the patient, prior to enrollment in the study). Each biopsy specimen was divided into 2 portions. One portion (measuring 0.2 cm) was processed for histology, and the other was placed into a tube for the determination of the presence of HPV.
| Histology
Tissue biopsies were prepared as described elsewhere. 22 Briefly, thin tissue sections were cut, placed on microscope slides, and then stained with hematoxylin-eosin as described further below. Sections of 5 μm were further fixed in 2% paraformaldehyde and rinsed immediately with water. Hematoxylin (0.5%) was added and the sections were rinsed again for 3 minutes with tap water then with distilled water. The sections were placed in 0.1% Li 2 CO 3 and washed with 70% alcohol. Eosin (1%) was then added for 2 minutes followed by rinsing with distilled water. After several washes with alcohol, xylol was finally added for 5 minutes. The sections were mounted in Accuo Mount 280 (Baxter Healthcare Corporation, Deerfield, Illinois). In each instance, a group of pathologists interpreted the results.
| Enzyme-linked immunosorbent assay
An optimized enzyme-linked immunosorbent assay was performed to detect the humoral immune response to MVA E2 and E2 protein. 22 Briefly, MVA E2 and E2 protein peptide were dissolved on a PBS buffer pH (7.4). The MVA E2 and E2 protein were then diluted in a 0.1 mol/L carbonate buffer (pH 9.5) and 100 μL were added to wells of microtiter plates and incubated overnight at 4 C. Sera dilutions from patients were collected at the beginning (week 0) and at the end of the treatment (week 8) and added to plates and incubated overnight. Plates were rinsed with PBS and then incubated with a Horseradish peroxidase-conjugate Protein A for an hour at room temperature. After washing 5 times, reaction was started by adding the substrate o-phenylene diamine (Sigma Aldrich, St Louis MO, USA). Absorbance was read at 405 nm on a microtiter plate reader.
| Detection of HPV DNA
The presence of HPV DNA was determined by polymerase chain reaction (PCR) analysis. Tissue samples from papilloma lesions were analyzed by PCR, first with PCR MY09/11 standard primers and then with specific primers for each different type of HPV. PCR was performed in 2.5 mM MgCl 2 , 250 μM of each deoxynucleotide, 0.5 μM of sense and anti-sense primers, 5 μL template, and 1 unit of Taq DNA polymerase (PE Applied Biosystems, Roche, Foster City, California) with 40 cycles of denaturation at 94 C for 1 minute, annealing at 56 C for 1 min and extension at 72 C for 1 min. The amplified DNA fragments were identified using electrophoresis in 1.5% agarose gels stained with ethidium bromide. The PCR-amplified DNA fragments were also purified and sequenced by using the BidDye Terminator v3.2 Cycle Sequencing Kit (PE Applied Biosystems). The sequences were compared with those reported sequences in the GenBank server (www.ncbi.nlm.nih.gov/blast).
| Lymphocyte counts
The CD3 + , CD4 + , and CD8 + lymphocytes counts were determined in each patient before and after MVA E2 treatment by flow cytometry. Peripheral blood was collected in tubes containing EDTA before and 3 months after MVA E2 treatment. Mature T-lymphocytes (CD3 + ) and subsets (CD4 + and CD8 + ) were identified in the whole blood, via specific antibodies. T-lymphocyte counts were determined using a FACSCount system (Becton-Dickinson, Mexico City, Mexico) in accordance with the manufacturer's instructions. The results are reported as the absolute count (total number of cells per milliliter of blood).
| Statistical analysis
The efficacy of treatment was analyzed by comparing the recurrence rates in each patient after administration of conventional treatment or adjuvant MVA E2 recombinant vaccine in the 2-5 years after treatment. A recurrence index (designated "X", ie, the number of patients with recurrences during an 18-month period) was determined before and after treatment with the MVA E2 vaccine. The Wilcoxon signedrank test 24 was used to evaluate the difference in the recurrence index between patients treated and not treated with MVA E2. Differences were considered statistically significant if the P-value was ≤.05.
3 | RESULTS
| Demographic and clinical characteristics of patients with RRP
All patients enrolled in the study were Latin American mestizos (Hispanic), ranged in age from 18 months to 65 years, and had undergone from 1 to 16 surgeries to remove papillomas ( Table 1 ). The average rate of recurrence of lesions in patients before treatment with MVA E2 varied widely from 1 to 8 months (Table 1) . Approximately 27.6% of the patients experienced recurrences in the 3 months after the surgery and most (62%) experienced recurrences at 4-6 months after surgery (Table 1) . Despite successful removal of their papilloma lesions, all patients developed new lesions in less than 6 months.
We assessed the presence of HPV DNA before treatment in all patients by PCR analysis. Four patients were positive for HPV type 11, 2 were positive for HPV 6, and 1 was positive for HPV 16 (Table 1) . However, definitive detection was difficult in the other patients.
| MVA E2 recombinant virus decreased recurrences of respiratory papillomatosis
Four weeks after completion of treatment, all patients were free of lesions as determined by clinical and histological examinations. (Table 2 ). Thirteen (44.8%) of the 29 patients were free of lesions with no recurrences after treatment with MVA E2 (Table 2, Figure 1) . However, 11 patients (37.9%) experienced recurrences of papillomas in the first year after treatment, 4 experienced recurrences between 12 and 18 months after the treatment, and 1 experienced an initial recurrence 37 months after the treatment ( Table 2 ). Noting that the lesions recurred within a short time in 16 patients, we performed a second series of 3 injections of MVA E2 in these patients after the papillomas were diagnosed. After this second round of MVA E2 injections, the time to recurrence in these patients was increased by a few months up to 3-5 years when compared with that after the first application of MVA E2 (Table 3) .
Most of the treated patients were followed up after the intervention. Thirteen patients (44.8%) had no recurrences during an average follow-up duration of 5 years (Table 2) , and the 16 patients who received a second treatment with MVA E2 have had no recurrences up to the present time (Table 3) .
To investigate the efficacy of the treatment with MVA E2 further, the recurrence index (X) was calculated for the 13 patients who received 1 round of MVA E2 injections and did not experience a recurrence for 3-5 years (Table 2) and for the 16 patients who receive a second round of MVA E2 injections after experiencing a recurrence. In the first group, X = 13 patients/18 months (0.72 patients/month) before treatment with MVA E2; in the same group, X = 0 patients/ month after 1 round of MVA E2 injections (Table 2 ). In the second group, X = 16 patients/18 months (0.88 patients/ month) before treatment with MVA E2; in the same group, X = 15 patients/18 months (0.83 patients/month) after 1 series of MVA E2 injections ( Table 2 ), suggesting that a single round of recombinant vaccine injections was ineffective. However, after receiving a second round of MVA E2 injections, none of the patients in that group have experienced any lesions in the subsequent months or years (X = 0) ( Table 3 ). The Wilcoxon signed-rank test was used to analyze the data from all 29 patients before and after the first MVA E2 treatment. Our null hypothesis was that there would be no difference in the recurrence index before and after treatment with MVA E2. With a level of significance of α = 0.005, the critical z value from the statistical Wilcoxon tables is 2.576, which differs significantly from the, z value of 8.7416 derived from our data. Our results indicate that adjuvant treatment with MVA E2 efficiently stimulated regression of intraepithelial lesions and eliminated recurrences. Furthermore, treatment with MVA E2 is capable of maintaining patients free of lesions.
| Humoral immune responses to HPV E2 protein and the MVA E2 therapeutic vaccine
Specific antibodies against the MVA E2 virus were detected in all treated patients. Serum titers increased during treatment with MVA E2 and were between 1/500 and 1/1000 dilutions. Antibodies against the BPV E2 protein were also detected in all treated patients and serum titers ranged from 1/128 to 1/256. In contrast, no antibodies were detected in untreated patients. Similar results were obtained in our previous phase I and II trials.
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| CD3+, CD4+, and CD8+ cells counts
Three months after treatment with MVA E2, increases in particular cell populations were detected in some patients while decreases were detected in other patients (Figure 2) . Increases in the CD8+, CD4+, and CD3+ cells counts were observed in 3 patients; in 1 patient, there were increases in CD3+ and CD8+ cells but a decrease in CD4+ cells. In another patient, there was an increase in CD4+ cells but decreases in CD3+ and CD8+ cells. There were neither significant correlations between regression of lesions and lymphocyte subset counts nor any significant associations between lymphocytes subset counts and the number of FIGURE 1 Laryngoscopy of papilloma lesions from patients treated with modified vaccinia Ankara (MVA) E2 therapeutic vaccine. Photographs of the larynx in representative patients (7 and 10). The patients were free of lesions after MVA E2 treatment MVA E2 treatment applications. In a previous study that included both tumor-bearing animals and patients with papilloma lesions, we found that a therapeutic vaccination with MVA E2 was able to induce the generation of cytotoxic cells specifically directed against tumor cells. [18] [19] [20] [21] [22] However, in this study, it was not possible to conduct an HPV-specific cytotoxicity assay, because of the limited number of the biopsy samples taken from the patients.
| MVA E2 recombinant virus therapy did not induce adverse events
All possible adverse events were classified as body in general, musculoskeletal, gastrointestinal, urogenital, nervous system, skin, and respiratory system, in accordance with the Common Terminology Criteria for Adverse Events of the National Cancer Institute. 23 No adverse events were detected by the physicians in this study.
| DISCUSSION
RRP is a virus-induced disease affecting the upper aerodigestive tract. Although papillomas can be found anywhere in the body, the larynx is the most common site. 9, 25 At present, there is no satisfactory treatment for RRP and most patients are seen with recurrences within a short period of time. 10 Clearly, new therapeutic strategies are urgently required to control RRP in HPV-infected patients. We have previously demonstrated that MVA E2 recombinant virus is capable of eliminating cervical Intraepithelial lesions grade 1, 2 and 3 in a therapeutic vaccination protocol. [18] [19] [20] 22 In this study, we found that MVA E2 vaccine was able to eliminate RRP in patients infected with HPV. This is the first report to demonstrate that MVA E2 can eliminate HPV lesions in patients with RRP. Furthermore, no recurrences were observed in the 3-8 years after treatment. However, these patients are being followed up to assess the ability of the MVA E2 vaccine to protect against recurrence in the longer term. The present data strongly suggest that adjuvant treatment with MVA E2 stimulates regression of lesions and is capable of maintaining patients free of lesions and preventing recurrences for several years in most patients (Tables 2 and 3 ; Figure 1 ). However, the effectiveness of MVA E2 for prevention of recurrences was variable. In some patients, one series of 4 injections of MVA E2 was sufficient to completely eliminate the recurrence, whereas other patients required a second round of 3 MVA E2 injections because they experienced recurrences within 18 months of the first round of injections. Moreover, the duration of follow-up in this study was variable because not all patients were enrolled at the same time. At present, all the patients who participated in this study remain free of recurrences. Our results suggest that the immune response in the individual could be important for the elimination and prevention of recurrences. All patients treated with MVA E2 in our study developed antibodies against the MVA E2 virus and the BPV E2 protein. The presence of antibodies against MVA E2 suggests that the immune system recognized HPV-transformed cells. There was no significant difference in antibody titers between patients who received 4 doses of MVA E2 vaccine and those who received 7 doses, suggesting that a cellular immune response was probably responsible for eliminating the lesions and decreasing the likelihood of recurrence. We did not detect any significant differences in the CD3+, CD4+, and CD8+ lymphocyte counts in our patients before and after treatment. Concordant with these observations, previous studies using the bacillus Calmette-Guerin vaccine as an immunomodulator have shown no differences in the absolute counts or percentages of T-cells, B-cells, or natural killer cells in patients with RRP before and after treatment. 26 Furthermore, in a clinical trial using a linoleic acid conjugate to treat laryngeal papillomatosis, there was no significant change in the CD3+, or CD4+, cell count before and after treatment, but there was an increased in the CD8+ cells count, which may reflect an improved immune response. 27 We attempted to analyze cytotoxic T-cell activity against HPV-infected cells in all patients before and after treatment with MVA E2. However, because of the small number of biopsy samples taken from each patient, the numbers of cells recovered were very low, so it was almost impossible to prepare target cells for cytotoxic studies. However, although it was not possible to measure cytotoxic lymphocyte activity, it was clear that a cellular immune response was probably responsible for the elimination or reduction of lesions in most patients. Notably, in previously reported clinical studies, MVA E2 was shown to induce strong cytotoxic activity against HPV-transformed cells, and the mechanisms of the elimination of the lesions induced by MVA E2 were comprehensively described. [18] [19] [20] [21] [22] In addition, several studies have
shown that T-cell responses can be generated by several vaccines designed to treat HPV in patients with anogenital HPV infection. Studies using cidofovir (an analogue of cytosine) have reported a reduction in the recurrence of RRP lesions. [26] [27] [28] Although the mechanism of action is not well understood, cidofovir is known to induce apoptosis and stimulate the immune system against virus-infected cells. 29, 30 In addition, interferon-α has also been used as an immune-based therapy in patients with RRP, but recurrences occurred within a short time. 31 An interesting question is whether development of immunity to the vector may interfere with the efficacy to the vaccine in patients who undergo a second round of MVA E2 injections. We know from this study and previous reports that patients vaccinated with MVA E2 generated antibodies against the MVA vector. [18] [19] [20] 22 In our study, a second round of MVA E2
injections prevented recurrence very efficiently, suggesting that the presence of antibodies against the vector did not compromise the effectiveness of subsequent MVA E2 injections. Furthermore, it has been demonstrated that high levels of expression of the antigens encoded by MVA are produced even in the presence of immunity against the vector.
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Of note, in this study, the 29 patients who received MVA E2 served as their own controls. The reason for this is that RRP has a highly unpredictable course, and progression of the disease varies widely from patient to patient. 10 Therefore, a meaningful comparison between 2 parallel groups of patients, that is, one treated with MVA E2 and the other treated with surgery alone, would be unrealistic. PCR was used to identify HPV DNA in the patients with RRP and detected low-risk HPV 6 and HPV 11 in 7 cases. This finding is concordant with previous reports of low-risk HPV 6 and 11 being the types of HPV most frequently detected in the larynx. 1, 33 Notably, HPV DNA was not detected in the other patients, probably because of the low levels of viral DNA present and the small amount of tissue collected at the time of each surgical procedure. Because all patients were free of lesions after the initial treatment with MVA E2, biopsy samples were not taken for PCR analysis after the first round of injections. The elimination of lesions and the reduction in recurrences were likely attributable to the elimination of HPV and the generation of a strong immune responses against HPV-transformed cells. These findings are in line with our earlier work demonstrating that the MVA E2 therapeutic vaccine can eliminate papillomavirus and generated a strong immune responses against HPVtransformed cells in patients with intraepithelial lesions. [18] [19] [20] 22 Conventional surgical treatments can efficiently eliminate lesions, but the removal of the damaged tissue does not necessary guarantee the elimination of viral DNA. HPV-infected mucosal cells are likely to remain but be clinically undetectable. 34 It is clear that recurrences occur in patients with RRP because of the persistence of HPV DNA. 16 A deficient host-immune response against HPV-infected cells is another factor that can affect the elimination of these lesions. Novel strategies for the prevention of HPV infections have recently been reported, including the tetravalent vaccine Gardasil (Merck) which is designed to protect against HPV 6, 11, 16, and 18 infections. In a recent clinical trial, there was a decrease in recurrences of RRP in patients vaccinated with Gardasil, but recurrences did occur within in a short time. 35 In this study, the MVA E2 vaccine proved to be a relatively safe treatment, in that none of the patients experienced any serious adverse events. This finding is consistent with previous reports of no serious adverse events when MVA E2 was used to treat HPV lesions. [18] [19] [20] 22 As already established in many clinical trials, administration of the MVA virus is safe in humans. [36] [37] [38] For these reasons, MVA has become the vector of choice for novel HPV therapeutic vaccines. 39 No adverse events have been reported in any of the patients included in the clinical trials using MVA E2 therapeutic vaccine in the past 15 years. [18] [19] [20] 22 Collectively, the evidence suggests that the MVA E2 therapeutic vaccine is a promising adjuvant treatment for RRP.
